H+ fluxes through membranes of other plant cells have been monitored by measuring changes in the pH of a solution bathing excised groups of homogeneous cells (1, 3, 5, 8, 14, 19) . Inasmuch as the pulvinus is divided into two functionally different halves 'Supported by a grant from the National Science Foundation to R. L.
Leaflet movements in nyctinastic plants are turgor regulated and dependent upon redistribution of ions, mainly K+, among celis in different regions of the pulvinus, the motor organ at the base of the leaflet (reviewed in 20) . The uptake of K+ is coupled to the efflux of H+ in many plant tissues (1, 15, 16, 26) . In stomatal guard cells, for instance, light-induced increase in turgor is accompanied by K+ influx, H+ efflux (18) and rapid hyperpolarization (13) , suggesting that H+ ions are secreted by an electrogenic pump (13) . Previous investigators (9, 21) have postulated that K+ fluxes into and out of pulvinar motor cells might also be coupled to oppositely directed H+ fluxes. H+ fluxes through membranes of other plant cells have been monitored by measuring changes in the pH of a solution bathing excised groups of homogeneous cells (1, 3, 5, 8, 14, 19) . Inasmuch as the pulvinus is divided into two functionally different halves ' Supported by a grant from the National Science Foundation to R. L.
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2 To whom reprint requests should be addressed. => H+, H+ pump (the larger arrow indicates higher activity); H+ V, H+ leak (the larger arrow indicates greater leakiness); AK+, net KV flux, with direction opposite to that of net H+ flux. Net H+ flux is outward when pump activity is high and/or permeability to H+ is low; net H+ flux is inward when pump activity is low and/or permeability to H+ is high.
(extensor and flexor),3 it is necessary to separate these regions before measuring H+ fluxes. The precise boundary between extensor and flexor in the Samanea pulvinus was established recently (22) , facilitating the separation of these two cell types. We now report on our study of H+ fluxes into and out of extensor and flexor pulvinar tissue from Samanea. We studied H+ fluxes during both light-promoted leaflet (pulvinar) opening and dark-promoted closure, examining dark-promoted responses in the greatest detail because they are faster and larger than light-promoted responses.
MATERIALS AND METHODS Plant Material. Samanea saman (Jacq) Merrill plants were grown from seed in controlled chambers with 16-h light/8-h dark cycles at 25.5 ± 1.5°C and 70% RH. Light was provided by coolwhite fluorescent lamps at 240 pmol m-2 s-'. Uniform plants of similar age were selected. Terminal secondary pulvini from the third to the tenth uppermost mature leaves were harvested at hours 2 to 7 of the dark period for experiments testing lightpromoted opening, and at hours 2 to 4 of the light period for experiments testing dark-promoted closure. Paired pulvini from the same leaves were used for comparative treatments.
Angle Measurements. To test the effect of various treatments on pulvinar angle, a terminal or subterminal pulvinus was excised attached to a 2-cm section of rachilla (23) . In experiments that test the effect of pulvinar submersion (Fig. 3) , the pulvinus and attached rachilla were placed horizontally on the bottom of a Petri dish, secured in place with plasticine on the rachilla, and covered with solution. 02 (20) .
Extensor or flexor tissue from 12 pulvini was used for each experiment. The total dry weight averaged 11 mg (extensor) and 15 mg (flexor). The experiment described in Figure 7 used tissue from the rachis (dry weight was 14 mg). The tissue was washed for 10 to 20 min in a fresh oxygenated 'washing solution' of the same composition as the solution used for pH measurements (described below). When KCN was being tested, it was added only to the solution used to measure pH changes. After the tissue had been washed, it was transferred to a 2-ml beaker containing 0.5 ml of a fresh solution. 02 
RESULTS
Samanea pulvini move slowly in response to a circadian oscillator, and more rapidly in response to light perturbations. We measured H+ fluxes during light-promoted opening and darkpromoted closure, because these movements are faster and can be manipulated more easily than circadian movements.
Because our method for monitoring H+ fluxes involves submerging pulvinar tissue in a liquid medium, it was important to determine the consequences of submersion on pulvinar movements. Figure 3 shows that excised, submerged pulvini opened in the light and closed in the dark at rates similar to those of excised, upright, nonsubmerged controls if 02 was bubbled through the medium, confirming results of Sweet and Hillman (27) . Therefore, except where noted, 02 was bubbled through the bathing solution continuously. Nevertheless, a pulvinus submerged for more than 3 h with or without 02, invariably started to close. Subsequent experiments with submerged tissue were completed within 1 h.
H' Fluxes during Pulvinar Opening. At hour 3 of the dark period, pulvini are in the closed position, but they open when excised and illuminated with white light (Fig. 4A ). Extensor and flexor tissues were excised at this time, prepared for pH measurements, and the effect of white light on the pH of the bathing solution was then monitored ( (27) . Changes in the pH of the solution bathing excised extensor and flexor tissue accompany dark-promoted closure (Fig. 5, A and B) . Extensor tissue alkalinized the during light-promoted opening (Fig. 4B) .
To determine whether darkness is necessary for these large pH changes, we tested the effect of light-dark and dark-light transitions, initiating the experiment at hour 2 of the light period (rather than hour 4, as in Fig. 5 ). The pulvinus always closes 100 or more following excision and submersion (27 and our unpublished observations), but this response is minimized at hour 2, permitting the effect of the transition from white light to darkness to be most fully expressed. The pH of the bathing solutions remained relatively constant while the tissue was in white light rather than darkness (Fig. 6 ) except for a rapid small alkalinization of the solution bathing extensor tissue. Furthermore, the direction of dark-promoted pH changes could be reversed by white light. The lag time between light-dark or dark-light transitions and detectable pH response varied from 3 to 8 min for different experiments.
To determine whether extracellular pH changes were also pro- duced by cells in the cortex of the rachis, tissue outside the central vascular core of the rachis was excised, washed, and then incubated in a bathing solution of the same composition used for experiments with pulvinar tissue. Rachis tissue slightly acidified the medium (Fig. 7) ; light-dark cycles did not alter the rate of acidification within the sensitivity of our detection system. If 10 F/M FC was added to the bathing solution, the rate of acidification was 3 times as high as that of the control, indicating that the tissue was physiologically active. Thus, large light-promoted pH changes do not occur in all tissues and may be confined to the pulvinus, as are light-promoted changes in cell turgor.
Effect of Cyanide. It was important to determine whether darkpromoted H+ fluxes have an energy-requiring component. We used cyanide rather than some other inhibitor to block ATP synthesis, since HCN has a high pKa (= 9); consequently, HCN (the undissociated form of the acid) is the predominant form at the pH range of the bathing solution. Therefore, this inhibitor should not alter the buffering capacity of the external medium, and HCN should diffuse passively into the cells.
Excised pulvini incubated in 1 mm KCN closed in the dark at a rate similar to that of controls (Fig. 5A) . Nevertheless, 1 mm KCN had large effects on pH changes (Fig. 8) buffering capacity, pH, or anion composition of the medium.
Excised pulvini darkened in the absence of 02 did not close, confirming results of Sweet and Hillman (27) . Anoxia increased medium alkalinization by extensor tissue and caused medium alkalinization rather than acidification by flexor tissue (Fig. 9, A  and B) . These differential responses were detectable at the beginning of the dark period and persisted throughout the monitoring period.
Effect of External IK+I. Determining the effect of external [K+] on medium acidification and alkalinization is important for understanding the relationship between K+ and H+ fluxes. External K+ was increased from 0 to 50 mm, using KCI rather than K2SO4. Since Cl-is highly concentrated in Samanea pulvinar tissue (20) , it would not be expected to have a toxic effect when present in the medium at high concentration. During dark-induced closure, change in external [Ki] did not have a significant effect on net H+ uptake by extensor tissue (Table I ). However, solutions that lacked K+ reduced net H+ efflux from flexor tissue to less than half of the value obtained in the presence of 5 mm K+. These differences were apparent from the beginning of the monitoring period to its termination. The promotive effect of external K+ on H+ efflux from flexor cells, saturated at 5 mm.
Effect of External pH. H+ fluxes in some tissues are regulated in part by external pH (15, 19) . We therefore compared darkpromoted changes in the pH of the bathing solution when the initial pH was 5.5 to those obtained when the initial pH was 6.7 (Table II) ; changes in pH were then converted to H+ fluxes. Errors that could affect this conversion are evaluated in "Discussion".
External pH has large effects on H+ fluxes in both extensor and flexor tissue. In the extensor, net H+ uptake was observed when the initial pH of the medium was 5.5, but net H+ efflux was observed when the initial pH was 6.7. In the flexor, net H+ efflux was observed whether the initial pH was 5.5 or 6.7, but the rate of H+ efflux was much greater at the higher pH. Note (Fig. 4) and closure (Fig. 5) are opposite in direction to those reported for K+ (23) , consistent with the model for coupled H+/K+ fluxes (Fig. 1) initially proposed in Satter and Galston (21) . The model (21) 72, 1983 H+ flux depends upon the dynamic equilibrium between energydependent H+ secretion and inward diffusion; (b) this equilibrium changes rhythmically during the circadian cycle; (c) the equilibrium can also be altered by light. Postulate 'b' is analyzed in a separate publication (7), while 'c' is validated by data in Figure 6 . Postulate 'a' is supported by the following data.
(a) A large alkalinization of the solution bathing both extensor and flexor tissue was observed in the presence of KCN (Fig. 8) or in the absence of 02 (Fig. 9) . Both of these treatments promoted net H+ uptake by both extensor and flexor tissue, as would be expected if outward pump activity were decreased by reduction in ATP synthesis, while the inward leak was unaffected. Although effects of KCN were transient, membrane potential displays similar kinetics in other CN-treated plants (12) . Recovery of CNtreated tissue has been interpreted as due to activation of an alternative oxidase (ie. cyanide-resistant respiration; 10).
(b) Increase in external pH from 5.5 to 6.7 (Table II) increased the magnitude of H+ efflux from flexor cells and promoted net H+ efflux rather than uptake by extensor cells. The model predicts such results, since increase in external pH would reduce the pH gradient across the plasma membrane, thereby decreasing the rate of inward diffusion, and possibly also increasing the activity of the outward pump (12, 15, 25) . We considered whether the magnitude of net H+ efflux from extensor and flexor tissue at pHo = 6.7 might be overestimated, due to H+ released by the dissociation of carbonic acid (pKa = 6.3). However, other investigators who studied this effect in detail (2, 16) concluded that CO2 effects are minor when 02 is bubbled through solutions continuously, as in our experiments.
(c) During dark-induced closure, variation in external K+ from 0 to 50 mM did not affect the rate of H+ uptake by extensor cells (Table I) , consistent with the model, since extensor cells lose K+ to the medium during dark-promoted closure. Much higher KV, by contrast, might be expected to interfere with H+ uptake; 500 mM K+ severely inhibited dark-promoted closure in the related species Albizzia julibrissin, although 200 mM K+ was ineffective (24). Inclusion of a low level of K+ in the medium was, however, required for maximum rates of H+ efflux from flexor cells, as would be expected, since the model predicts that K+ moves inward in response to the negative internal potential generated by H+ secretion. In the absence of adequate external K+, the internal potential would rapidly increase (become more negative), in turn reducing H+ pump activity (25) .
Data in Table I are also consistent with a modification of our model to include chemical coupling between H+ and KV. If the coupling is chemical, K+ would move inward and H+ outward through the same transport structure; thus, adequate external K+ as well as internal H+ would be required for maximum pump activity. Although further studies are required to discriminate between these two possibilities, we have shown, as have other investigators (1) , that the rate of H+ efflux from excised tissue depends upon the [K+] of the medium. Thus, the general model of coupled H+ ef&lux/K+ uptake in plant cells (1, 16, 26) applies to pulvini, although the mechanism for movement of Cl- (20) , Ca2+ (Satter and Garber, unpublished data), and other ions essential for pulvinar function (9, 21) remains to be determined.
Relationship of This Study to Previous Work. A previous investigation (17) demonstrated rapid hyperpolarization of Samanea flexor cells during dark-induced leaflet closure, although the ion(s) responsible for the potential changes were not determined. Our data suggest that electrogenic H+ secretion may be involved, although the possibility of rapid changes in K+ permeability cannot be excluded. Because the changes in membrane potential (17) occur much faster than the resolution time of our system, it wvill be interesting to investigate H+ fluxes by a method with better temporal resolution (e.g. insertion of a microelectrode in the cell wall).
Light-induced changes in membrane potential (6, 13, 25) and H+ fluxes (5, 8, 14, 18) have also been reported in other systems. Our system offers the interesting possibility of studying fluxes that occur in opposite directions in d'ifferent parts of the tissue. Furthermore, the activity of the H+ pump and/or the magnitude of the leak vary during the daily cycle (7), providing an unusual opportunity for testing biological clock models based on transmembrane H+ gradients (4) .
